Abstract The aim of this study is to present and apply the proposed algorithm on archived time series Landsat TM over an urban area in the vicinity of Heathrow Airport (UK) acquired in 1984-1986 and to two up-to-dated Landsat TM images in the vicinity of Paphos Airport in Cyprus acquired in July-August 2008. The monitoring of aerosol concentrations becomes a high environmental priority particularly in urban areas. The proposed algorithm has been developed to allow the quantification of the aerosol optical thickness (AOT) over land. The algorithm compares multitemporal satellite data sets and evaluates radiometric alterations due to the optical atmospheric effects of aerosols. Novel features of this algorithm which is based on the application of radiative transfer calculations are the inclusion of applying iteration procedures for selecting the suitable object for determining the aerosol optical thickness and the automatic division into working grid cells. AOT retrieval from Landsat TM band 1 images of Cyprus has been crossvalidated satisfactorily by comparing AOT values found from handheld MICROTOPS II sun photometer.
Introduction
A complex mixture of organic and inorganic particles (aerosols) can be found suspended in the atmosphere in solid, liquid, or both physical states (Gupta et al. 2006) . The presence of non-natural origin is linked to important climatic and environmental effects. It has been shown that there are strong interactions of these particles with the solar radiation, the Earth, and the atmospheric gases, which can affect significantly the atmospheric physical and chemical characteristics, the temperature vertical profile, and other thermodynamic variables, as well as the Earth surface characteristics and its temperature (Leon et al. 1995 (Leon et al. , 2001 Ortore and Francione 2008) .
Aerosols are considered as the most important parameter for the following reasons: (a) The effects of aerosols represent one of the largest uncertainties in predicted climate change (Haywood and Boucher 2000) . (b) Effective aerosol retrieval information is also essential to satellite imagery atmospheric correction (Kaufman and Tanré 1996; Kaufman and Sendra 1998; Hadjimitsis et al. 2004; Hadjimitsis 2008) . (c) Aerosols are considered as one of the major air pollutants responsible for human health problems related to the respiratory system. Studies on the particles have demonstrated the existence of a link between the presence of fine and ultrafine particulate of non-natural origin and some effects on the health of human and other living beings especially due to industrial and urban emissions which are a major source of aerosols (Leon et al. 1995 (Leon et al. , 2001 Ortore and and Francione 2008) .
The suspension and transport potential of aerosols as well as its relationship with SO 2 and NO 2 makes aerosols a good indicator of air pollution at urban and regional scales thus emphasizing the importance of developments in satellite aerosol retrieval. The study of aerosols or any other atmospheric pollutant dispersion patterns relies on spatial and temporal data series obtained from air quality monitoring networks or measurement campaigns (Al-Saadi et al. 2005) . Such monitoring programs entail a high implementation and maintenance costs and are limited in terms of spatial coverage. The measuring stations are scarcely distributed, and they do not provide sufficient tools for mapping atmospheric pollution, since air quality is highly variable (Wald et al. 1999) . However, earth observations made by satellite sensors are certainly a valuable tool for assessing and mapping atmospheric pollution due to their major benefit of providing complete and synoptic views of large areas in one snapshot (Hadjimitsis et al. 2002) . Indeed, the integration of statistical and physical modeling and introduction of a wide range of satellite sensors (such as ATSR-2 radiometer on board the ESA satellite ERS-2, POLDER on the ADEOS spacecraft, and MISR on TERRA, etc.) can overcome such limitations (Tang et al. 2005) . Satellite imagery can be used to better assess the spatial structure of air pollution and interactions on global, regional, or local dispersion pattern (Tang et al. 2005) . The determination of aerosol optical thickness (AOT) from satellite image data can be used as a tool for assessing air pollution in any area of interest (Sifakis and Deschamps 1992; Sifakis et al 1998; Hadjimitsis and Clayton 2006; Leon et al. 1995) .
AOT retrieval is validated by comparing with groundbased or handheld sun photometer measurements. The Aerosol Robotic Network (AERONET), which is an example of ground-based systems, is a worldwide network of automatic sun photometers and data archive, providing spectral aerosol optical thickness as well as aerosol microphysical properties (Holben et al. 1998; Tang et al. 2005) .
The present approaches for remote sensing of aerosol over land can be grouped into the following four fully image-based processing techniques: the "ocean method," "brightness method," "contrast-reduction method," and the "Dark vegetation" (Teillet and Fedosejevs 1995; Tulloch and Li 2004; Hadjimitsis and Clayton 2006) . Such approaches can be found as a step in several atmospheric correction algorithms intended to remove atmospheric effects from satellite remotely sensed data. In the atmospheric correction of the remotely sensed earth image data, we need the information on the aerosol optical parameters. Since simultaneous measurements of the aerosol optical thickness are not always possible, a method for estimating it from the satellitemeasured data itself is highly desirable. In this study, we applied a fully image-based method to Landsat-5 and 7 TM/ ETM+ band 1 data for determining the aerosol optical thickness. The method consists of the following novel features: the "iterative tool" and the automatic division of the scene into grid cells (depending of the presence of dark targets).
Atmospheric correction of satellite imagery
Radiation from the earth's surface undergoes significant interaction with the atmosphere before it reaches the satellite sensor. Any sensor that records electromagnetic radiation from the earth's surface using visible or nearvisible radiation will typically record a mixture of two kinds of radiance or reflectance. The value recorded at any pixel location on a remotely sensed image does not represent the true ground-leaving radiance at that point. Part of the brightness (radiance or reflectance) is due to the reflectance of the target of interest, and the remainder is derived from the brightness of the atmosphere itself. The separation of contributions is not known a priori, so the objective of atmospheric correction is to quantify these two components so that the main analysis can be made on the correct target reflectance or radiance values (Hadjimitsis 1999) . After the remotely sensed data have been received and undergone preliminary correction at the groundreceiving station, the next step is to pre-process the data. Pre-processing refers to those operations that precede the main image analysis, and include geometric and radiometric corrections. Radiometric correction is more difficult than correction for geometric effects, since the distributions and intensities of these effects are often inadequately known; but unfortunately, it cannot be neglected, particularly when multitemporal images are to be interpreted (Hadjimitsis et al. 2004; Richards and Jia 2005) . The most difficult step in radiometric correction is the removal of atmospheric effects. The basis of any correction of a satellite image is to identify and understand the process which contaminates the satellite image. In the case of atmospheric effects, the origin for any attempt to perform atmospheric correction to satellite data is the setting up of an equation (Turner and Spencer 1972) , which describes all the processes with the various atmospheric parameters and variables, which contribute to the attenuation of the signal received by a satellite sensor. This equation is called the radiative transfer (RT) equation. The processes described in such an equation are the scattering and absorption by atmospheric gases, aerosol, and clouds of the electromagnetic radiation.
The significant problem in the atmospheric correction of remotely sensed data is the difficulty of obtaining accurate values for those parameters described in the radiative transfer equation (Kaufman and Sendra 1988) or the limited availability of the atmospheric correction parameters in the analysis of most images (Duggin and Robinove 1990) . The basic philosophy of atmospheric correction is to determine the optical characteristics of the atmosphere and then to apply this to correct the satellite image data. Taking into consideration that the atmospheric effects are mainly caused by scattering and absorption of atmospheric gases, aerosol, and clouds, the most important point in order to perform an atmospheric correction is to be aware of the optical characteristics of the atmosphere. These optical characteristics can be found from different sources such as the general climatology of the area under investigation (Kneizys et al. 1983) , the image itself (Gordon et al. 1983) , or ground measurements (Kaufman and Fraser 1983) . Molecular scattering and absorption are not considered to vary in time and space. Nevertheless, aerosol scattering and absorption do vary, and these are the main variables in the atmospheric effect on satellite remote sensing. One way to describe the information which refers to the atmospheric optical characteristics is by using the four following parameters: the aerosol optical thickness, the phase function (the angular distribution of the scattered radiation, which is the probability that light will be scattered into a unit solid angle), the single scattering albedo, and the gaseous absorption (Hadjimitsis 1999) . The main problem in atmospheric correction is the difficulty in determining these optical characteristics and especially the aerosol optical thickness which is the most important unknown parameter for every atmospheric correction algorithm or air-quality model. The problem of atmospheric intervention has received considerable attention from researchers in remote sensing who have developed a range of methods, both simple and sophisticated. Hadjimitsis et al. (2004) categorizes the atmospheric correction algorithms into absolute and relative corrections and explored the need to develop fully image-based atmospheric correction methods.
The principle of darkest pixel atmospheric correction
One of the most widely used and well-known simple atmospheric correction methods, which are based only on the image itself, is the darkest pixel (DP) method. It is also termed the histogram minimum method, the darkest object subtraction method, and the dark target approach (Hadjimitsis et al. 2003) . The DP may correspond to a large water body or other dark object or feature within the image. The principle of the DP approach is that most of the signal reaching a satellite sensor from a dark object is contributed by the atmosphere at visible wavelengths (Hadjimitsis et al. 2003) . Therefore, the pixels from dark targets are indicators of the amount of upwelling path radiance in that band. The atmospheric path radiance adds to the surface radiance of the dark target, giving the target radiance at the sensor. The surface radiance of the dark target is approximated as having zero surface radiance or reflectance. Another adaptation of the DP method is to assume a known nonzero surface reflectance of the dark target (Teillet and Fedosejevs 1995; Hadjimitsis and Clayton 2008) . The main characteristic of dark objects is the very-near-zero radiance in the infrared spectrum. This is due to the fact that water absorbs strongly in the near-infrared, and any scattering effect is negligible. The method was first developed to correct only for the additive scattering effect (Hadjimitsis et al. 2003) . The darkest pixel technique assumes that there is a high probability that there are at least a few pixels in the image with very low reflectivity, which is assumed to correspond to black surface with 0% reflectance. The assumption that there are few pixels in the image with near zero reflectance is based on the fact that, in a single band, there very large numbers of pixels, and the probability to find a dark pixel is very high (Chavez 1988) .
The need to develop image-based and operationally simple and fast processing atmospheric correction algorithms has led a number of researchers to make use of targets whose ground reflectances do not change significantly with the time, i.e., pseudo-invariant targets (Hadjimitsis et al. 2009 ). Then, by using a variety of atmospheric correction methods either darkest pixel approach or empirical line normalization method or other methods, the aerosol optical thickness can be determined. In order to quantify the aerosol amount and their concentration variation, it is necessary to select and consider "dark targets" characterized by spectral signatures as much constant and well known as possible. To take into account a "dark pixel" (low reflectance) does not mean that it is possible to exclude the surface contribution, which can be time-varying in accordance with the corresponding changes of surface characteristics. In the case where a "dark pixel" is characterized by a not negligible reflectance, it is necessary to examine and evaluate the possible surface reflectance variations when an image temporal series is considered. This has been already examined using ground spectro-radiometric measurements for several different types of dark targets such as asphalt surfaces or water treatment reservoirs. The method needs considerable care when the dark target is water, since trophic state reflectance values have been found to be changed in the 0.52-to 0.70-µm spectral region. In such case, the aerosol optical thickness takes values with nearly 10% difference. Indeed, the proposed method can be more efficiently applied to nonvariant dark targets.
Methodology
The method is based on the fact that any changes between the derived atmospheric path radiances can be attributed to varying degrees of scattering and absorption by varying concentrations of aerosols (including haze), since molecular scattering is assumed to be constant with time in the same geographical area.
The proposed methodology is shown in Fig. 1 and is described below:
-Apply geometric correction.
-It is recommended to divide the image under investigation into different subregions. This is more important for hazy atmospheres with spatial variability. The algorithm based on Euclidean distance tool (ERDAS 2008) decides automatically the type of the grid cells (i.e., the dimensions).
-Check the image contrast.
-By applying the principle of the DP method, every dark pixel in the subregion represents the atmospheric path radiance in this region. The atmospheric path radiance is a function of total optical thickness which is the term used to define the prevailing atmospheric conditions. Ozone has a variable but minor effect. Water vapor effects are assumed to be constant through the limited interval of the images (based also on the available relative humidity). The reason that the Landsat TM band 1 is used is to minimize the effect of water vapor absorption. If these conditions are met, then any significant variations of atmospheric path radiance between the images will be due to changes in the distribution and changes in concentrations of aerosols. Input parameters are ozone transmittance (t O3 )=1, water vapor transmittance (t H20 )=1, aerosol single scattering albedo=1 (perfectly scattering aerosol), surface reflectance of the dark-target: use standard values (from spectral library files or consider it as zero value). -Run the iterative tool. Use maximum number of ten iterations. Then during each iteration, aerosol optical thickness is recalculated, and all pixels are corrected with respect to the new aerosol optical thickness. This routine will continue to refine the atmospheric correction iteratively until the images reaches the maximum contrast value. -Determine the atmospheric path radiance (first indication of the atmospheric pollution) and provide a contour map. -Run the radiative transfer calculations (Turner and Spencer 1972) , and determine the aerosol optical thickness. 
Results
The proposed method has been tested in two different geographical areas: the London Heathrow Airport area (UK) and to areas in the vicinity of Paphos Airport area in Cyprus.
London Heathrow Airport area (UK)
The method has been applied in an area near the Heathrow Airport in West London consisting of many inland water bodies such as lakes and reservoirs as shown in Fig. 2 . Figure 3 shows the automatic definition of the grid cells based on the availability of dark targets, and Fig. 4 shows the production of contour map for the determined atmospheric path radiances. Each value of atmospheric path radiance corresponds to different values of aerosol optical thickness. An overlay of the contour map over the grid and image area is shown in Fig. 5 . The method has been applied to a series of Landsat-5 TM images, and the obtained aerosol optical thickness for site A (see Fig. 3 ) are shown in Table 1 .
From the derived aerosol optical thickness of every image shown in Table 1 , it can be concluded that the most atmospheric polluted images due to particulate were the 29 September 1985 and 28 June 1986, and the less polluted were the 2 June 1985 and 5 March 1985 images. For the images acquired on 2 June 1985 and 28 June 1896, the acquired visibility values during the satellite overpass were 26.2 and 5.4 km, respectively (Hadjimitsis and Clayton 2008) . This is another supportive tool for the determined aerosol optical thickness values. Visibility is closely related to the aerosol optical thickness as shown by Forster (1984) , Tanre et al. (1987) , and Hadjimitsis and Clayton (2006) . Fig. 8 ) that provides aerosol optical thickness (AOT) from instantaneous measurements, at five channels (440, 500, 670, 936 , and 1020 nm) was used in this study to determine the aerosol optical thickness. An average value of the aerosol optical thickness determined using the sun photometer between 9.00 and 11.00 A.M. was used. The Landsat satellite overpass was between 9.20 and 9.30 A.M.
By comparing the aerosol optical thickness obtained using the proposed method and those found using the sun photometer, it is apparent that there is a much closed agreement between the two (see Table 2 ). It is apparent that for the image acquired on the 20th of July 2008, a high visibility value has been found. This provides evidence of a less polluted image date than the one observed on the 13th of August 2008. Relative humidity (RH) for both dates is within the same ranges, so any water vapor effect is negligible especially when short wavelengths are used (Hadjimitsis and Clayton 2008) .
Conclusions
This study shows how the proposed algorithm with the two new novel options, the iterative and the automatic division of an image into grid cells can be used to assess the spatial and temporal variability of the aerosol optical thickness. Such method can be useful for the management of air pollution stations and for improvement of the local air pollution network for urban areas, since the production of such path radiances and aerosol optical thickness maps can be useful for an assessment of the existing network.
The proposed algorithm has been applied on archived time series Landsat TM over an urban area in the vicinity of Heathrow Airport (UK) and to two up-to-dated Landsat TM images in the vicinity of Paphos Airport in Cyprus. AOT retrieval from Landsat TM/ETM+ band 1 images of Cyprus has been cross-validated satisfactorily by comparing AOT values found from handheld MICROTOPS II sun photometer. Visibility values acquired during the satellite overpass for both case studies support the aerosol optical thickness assessment.
The method may need several improvements in the near future, since some algorithm limitations must be reexamined such as the initial determination of the contrast value and the insertion of assumed values for the atmospheric parameters. The assumption of the existence of perfectly scattered aerosols needs further investigation.
It is important to highlight that Landsat TM-5 is a very old sensor, and Landsat ETM+ has severe acquisition problems. Moreover, there are no plans to replace these sensors in the next few years. Indeed, ASTER satellite sensor is a promising one and has been already used by several other researchers. Indeed, the author suggest that the method can be applied to advanced spaceborne thermal emission and reflection radiometer (ASTER; 0.52-60 µm) only when in situ reflectance values of the selected dark targets are available. Future work consists of further extending the proposed method to ASTER image data.
Further validation is needed to support our proposed algorithm using simultaneous acquisition of the following data: air pollution data, meteorological data, sun-photometer data, and satellite image data. The proposed algorithm will be further tested using the ground-based sun-photometer system which will provide spectral aerosol optical thickness as well as aerosol microphysical properties. Due to their relatively high accuracy (AOT uncertainty<±0.01 at wavelengths> 440 nm), AERONET data have been widely used as a standard for validating satellite aerosol retrievals as shown by Dubovik et al. (2000) . A Sun-photometer ground system similar to those used for AERONET project is expected to be installed at the Cyprus University of Technology in the near future for further validation.
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